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Introduction {#sec001}
============

Each year, over 30,000 newly graduated physicians begin work within residency programs in the United States as part of the pathway to independent practice \[[@pone.0236952.ref001]\]. Residency training is comprised of supervised inpatient and ambulatory rotations, with a minimum duration of experience in each practice setting mandated by the Accreditation Council for Graduate Medical Education (ACGME). It is challenging to develop a schedule of rotations that adheres to standards for accreditation, respects intern (first-year trainee) and resident (second- and third-year trainee) preferences, and is perceived as equitable. Schedules must satisfy the staffing requirements of affiliated hospitals, and accommodate trainee vacation preferences and requests for specific rotation experiences. Contingency plans must be developed for illness or other absences, often in the form of a backup or 'jeopardy' rotation--where trainees can be reassigned from non-essential duties to essential ones. The guidelines set forth by the ACGME impose additional constraints, including limitations on total night float (rotations comprised of consecutive night shifts) and intensive care unit rotations, and a minimum amount of time off between shifts. The ideal schedule also minimizes transitions of care, given the potential impact on patient safety \[[@pone.0236952.ref002]\]. In most internal medicine training programs, chief residents are responsible for scheduling residents for core rotations \[[@pone.0236952.ref003]\]. Chief residents can spend weeks of time manually designing a schedule, and are limited in the number of constraints they can simultaneously fulfill \[[@pone.0236952.ref004]\].

The interest in improved approaches to residency schedule is exemplified in a recent review of physician scheduling, in which over one third of identified literature involved resident physicians \[[@pone.0236952.ref005]\]. Automated systems have been developed to ease the administrative burden of scheduling residents for internal medicine residency programs. Approaches have generally focused on either the scheduling of individual shifts within a set period, or assigning a week- to month-long rotations with pre-set shift schedules to trainees within a year-long schedule. The shift work scheduling problem extends far beyond residency programs, with early model development in the medical field targeted towards nursing personnel \[[@pone.0236952.ref006]\]. The analogous shift scheduling problem for residency training programs has since been addressed with a variety of methods. Goal programming, with optimization of multiple conflicting constraints, has been used to assign shifts for anesthesia \[[@pone.0236952.ref007]\] and emergency medicine residents \[[@pone.0236952.ref008]\]. An integer programming model implemented for a pediatric emergency department successfully improved several important metrics of schedule quality, including suboptimal sleep patterns between shifts and disparity of night shift assignment between residents \[[@pone.0236952.ref009]\]. This implementation also documented over sixteen hours of time saved in schedule generation per month. Similarly, a spreadsheet implementation of an integer programming model for a radiology residency program increased the minimum interval between call shifts, and residents perceived the computer generated schedule as fairer \[[@pone.0236952.ref010]\]. The burden on chief residents was not formally measured in this implementation, although the manual schedule generation was described as "rather demotivating", highlighting the importance of alternative approaches.

Whereas the structure of emergency medicine and anesthesia training programs may benefit from optimizing individual shift scheduling, other programs have pre-defined rotations with a set shift schedule which repeats on a weekly to monthly basis. The basic problem of assigning trainees to rotations while satisfying hospital staffing and trainee education requirements is *NP-complete*, requiring exponentially more time to solve when accounting for increasing numbers of trainees and rotations \[[@pone.0236952.ref011]\]. Therefore, heuristic approaches are often used to identify near-optimal solutions within a reasonable time constraint. The first computerized internal medicine intern and resident schedule was implemented in 1979 at Johns Hopkins, utilizing a "greedy" algorithm to satisfy staffing and educational requirements and vacation requests \[[@pone.0236952.ref012]\]. Computerized schedules have demonstrated improved ability to satisfy preferences when compared to manual schedules in programs with fewer than 100 trainees \[[@pone.0236952.ref003], [@pone.0236952.ref013]\]. A simplified version of the problem, accounting for staffing and educational requirements without incorporating intern and resident preferences, can be rapidly solved in a "greedy" fashion for larger programs--this algorithm has been successfully implemented at the University of Illinois College of Medicine \[[@pone.0236952.ref011], [@pone.0236952.ref012]\]. An integer programming model applied to the surgical residency program at Emory University School of Medicine was able to identify near optimal staffing for 28 rotations, although certain requests such as vacation preferences were not accommodated in this solution \[[@pone.0236952.ref014]\]. Many residency programs have moved towards an "X+Y" block system, where residents alternate between X weeks of inpatient rotations and Y weeks of clinic, and algorithms have been specifically designed to generate schedules for X+Y systems. One implementation at University of Texas Health Center in San Antonio successfully created yearly schedules, but the only quality outcome reported was standardization of clinic capacity \[[@pone.0236952.ref015]\]. To our knowledge, no open source tool is available for computer-assisted schedule generation in a training program as large as the Yale New Haven Hospital Internal Medicine Residency Program (YNHH-IMRP), for which over 200 trainees are assigned to over 100 individual roles across numerous services. We therefore present a heuristic based scheduling tool, the Automated Internal Medicine Scheduler (AIMS) which was successfully implemented for the YNHH-IMRP during the 2018--2019 academic year and compare metrics of schedule quality before and after implementation.

Methods {#sec002}
=======

Design of AIMS tool {#sec003}
-------------------

AIMS was developed in Microsoft Excel and written with Microsoft Visual Basic for Applications ([S1 Application](#pone.0236952.s001){ref-type="supplementary-material"}). We collected preference data via online survey (Qualtrics, Provo, UT), in which residents ranked the desirability of vacation timeslots and selected their top three choices for rotations. We also collected free-text comments about scheduling preferences, to account for important life events such as maternity/paternity leave and weddings. Essential scheduling elements, such as the scheduling of vacation during a planned honeymoon, were entered manually into the AIMS tool prior to automated scheduling. Additionally, our program coordinated the scheduling of trainees on internal medicine services from six different residency programs within our institution, as well as external trainees from outside institutions who rotate through Yale services. The number of external trainees from outside programs is variable from block to block and determined by the administration of the outside programs. We do not have the liberty to reschedule these trainees, so they are hard-coded prior to running the AIMS tool. Rotation schedules are generated for a one-year period; for our program, this equates to 26 rotations per trainee, typically 2 weeks in length.

AIMS emulates a sequential scheduling lottery to account for resident preferences, which is commonly used in college coursework, medical student scheduling, and holiday shift scheduling ([S1 Fig](#pone.0236952.s002){ref-type="supplementary-material"}) \[[@pone.0236952.ref016], [@pone.0236952.ref017]\]. A tally is kept for each resident, initialized at zero, representing how well the schedule fits with the resident preferences. For example, if a trainee receives a first-choice vacation, the tally will decrease by one; if a trainee receives a fourth-choice vacation, the tally decreases by four. Each trainee is assigned two vacations per ACGME requirements, one in the first fourteen blocks, and one in the second twelve blocks of the year--thus, if they were assigned their last choice vacation in the first half of the year, the tally would be decreased by fourteen. Trainees with the lowest tally are then chosen first for the next lottery. After vacation assignments, they will again be chosen by lottery to be assigned a rotation of their preference, if feasible. Our methodology is similar to previous studies, which have utilized a proportion of granted requests to allocate shift assignments equitably \[[@pone.0236952.ref018]\].

AIMS subsequently iterates through all trainees to assign rotations necessary to satisfy ACGME requirements for emergency medicine and the intensive care unit (ICU). For every rotation with an unfilled two-week block, AIMS iterates through each trainee in a random order to identify a suitable individual to insert. The constraints applied as trainees are assigned to rotations include: prohibition of sequential night float rotations (minimizing consecutive night float to two-week intervals), limits on the total number of months a trainee can spend on a specific service, limits on total number of intensive care unit and night rotations, and prohibition of rotation assignments with "shift conflicts" (i.e., a night shift on the last day of one rotation, followed by a day shift on the first day of the next rotation) which necessitate utilization of another trainee serving on a backup or jeopardy rotation. Adherence to all constraints does not allow the generation of a complete schedule in some cases, so the process is repeated without the constraint on overlapping clinical responsibilities, as a jeopardy trainee can be called upon to cover these shifts. Once all clinical services are covered, the remaining unscheduled time is converted to elective and jeopardy rotations, based on the year and program of the trainee. A single feasible schedule is thus generated on each run of the program.

Output of the AIMS is displayed in separate Microsoft Excel sheets, one displaying the rotation schedule for each trainee, and one displaying the trainee staffing for each individual rotation. As we use AMiON^®^ scheduling software (Newton, MA) to list daily clinical responsibilities, our program also includes a function to convert block schedules into daily call schedules which can be imported into AMiON.

Data collection and analysis {#sec004}
----------------------------

Our study was reviewed by the Yale New Haven Hospital Institutional Review Board (Protocol ID 2000024118) and deemed exempt given its educational focus, anonymized survey, and minimal risk nature.

To evaluate the benefits of a schedule generated with AIMS, we compared both objective and subjective metrics of schedule quality across the 2017--2018 and the 2018--2019 academic years, pre- and post-implementation of AIMS. Trainee schedules must satisfy hospital staffing and ACGME requirements, and as such, these were not assessed as comparator measures. We focused on metrics germane to resident satisfaction. Objective measures included accommodation of trainee vacation choice preferences, accommodation of rotation preferences, shift conflicts, and variance in assignment to night, ICU, and jeopardy rotations. These specific schedule metrics were chosen by expert opinion, but have been described in prior studies on trainee scheduling. Accommodation of rotation and vacation preferences has used as a criteria for multiple other scheduling endeavors \[[@pone.0236952.ref003], [@pone.0236952.ref019], [@pone.0236952.ref020]\], and cited as a limitation when not included \[[@pone.0236952.ref014]\]. The difficulty in satisfying vacation and rotation preferences has led to other, non-automated approaches to scheduling \[[@pone.0236952.ref021]\], highlighting that optimization of these metrics is of high priority and a reasonable markers of schedule quality. Prior to scheduling, Qualtrics surveys of preferred vacation timeframes as well as rotation preferences were collected during the 2017--2018 and the 2018--2019 academic years. This data was abstracted to assess adherence to preferences. To evaluate the fit of vacation preferences, we calculated the average survey rank of the assigned vacation blocks for each trainee, with '1' indicating a resident's top choice. We calculated the number of trainees assigned to their first and second choice rotations, although only first choice preferences were available for interns in the 2017--2018 academic year. These metrics were compared between years using a two-sided unpaired t-tests at the α = 0.05 significance level.

Discordance between overnight call and daytime responsibilities has been previously used to guide schedule creation \[[@pone.0236952.ref020]\]. We evaluated the number of conflicts between overnight and daytime clinical responsibilities in each schedule, which was again compared using a two-sided t-test. Such conflicts are defined as any night shift or overnight call when the trainee is subsequently scheduled for a day shift on a separate service. Equity of the trainee experience leads to a perception of fairness, and has been an outcome measure of previous attempts at automation \[[@pone.0236952.ref009]\]. Night and ICU rotations are less desired due to longer hours and disruptive sleep schedules; conversely, jeopardy rotations may be desired due to more perceived flexibility. We quantify equity by measuring variance in night, ICU, and jeopardy rotations, and we compared variance between the 2017--2018 and 2018--2019 years using the F-test at the α = 0.05 significance level. To ensure that results of these comparisons were not due solely to differing constraints between these two academic years, we regenerated the 2017--2018 schedule using the AIMS tool, which was compared to the 2017--2018 manual schedule.

To assess subjective schedule quality, in September 2018 we surveyed upper-level residents (PGY-2 and PGY-3) who could compare the quality of the current schedule to the previous year's schedule, which was previously created without the use of AIMS or any other scheduling tool. Residents were asked to rate their satisfaction and perceived fairness of both the previous and current schedule on a 5-point Likert scale, using the questions "How satisfied were you with your schedule?" and "How fair was your schedule?" ([S1 Text](#pone.0236952.s003){ref-type="supplementary-material"}). The results were compared with a paired two-sided t-test at the α = 0.05 significance level. We adjusted for multiplicity of comparisons using the Holm-Bonferroni method. Comparisons for objective metrics of schedule quality and survey results were separately considered for this adjustment as they were based on different sources of data.

Analysis was performed in Microsoft Excel 2013 and Graphpad PRISM Version 7.01.

Results {#sec005}
=======

We found no significant difference in the number of night, ICU, and Jeopardy rotations for interns, and no significant difference in the variance in assignment of these rotations ([Table 1](#pone.0236952.t001){ref-type="table"}). The average number of night and ICU rotations needing to be filled were similar between the two years (Table A in [S2 Text](#pone.0236952.s004){ref-type="supplementary-material"}). There were fewer shift conflicts due to overlapping clinical responsibilities for interns after implementation of AIMS (0.7 conflicts per intern, versus 0.3 conflicts per intern after implementation, p \< 0.01). With AIMS, 71/74 (96.0%) interns and 66/82 (80.5%) residents were assigned to their first-choice rotation, a significant increase from the 50/72 (69.4%) interns and 25/82 (30.5%) residents assigned their first-choice in the 2017--2018 academic year. For residents, the AIMS schedule demonstrated a lower variance in number of Jeopardy rotation assignments, although this did not remain significant upon adjustment for multiple comparisons ([Table 2](#pone.0236952.t002){ref-type="table"}). There was an increase in variance for ICU rotations in the 2018--2019 year which did not meet statistical significance. Similar to the data for interns, we found a significant increase in the number of residents assigned their first and second choice rotations.

10.1371/journal.pone.0236952.t001

###### Intern schedule quality metrics.

![](pone.0236952.t001){#pone.0236952.t001g}

  Mean (SD)                                         2017--2018 (n = 72)[\*](#t001fn001){ref-type="table-fn"}   2018--2019 (n = 74)[\*](#t001fn001){ref-type="table-fn"}   t-test p-value   F-test p-value
  ------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ---------------- ----------------
  Night Rotations                                   3.7 (0.53)                                                 3.6 (0.53)                                                 0.20             0.95
  ICU Rotations                                     3.8 (0.64)                                                 3.8 (0.74)                                                 0.87             0.20
  Jeopardy Rotations                                0.6 (0.57)                                                 0.5 (0.50)                                                 0.27             0.29
  Shift Conflicts                                   0.7 (0.90)                                                 0.3 (0.47)                                                 **\< 0.001**     
  Average Ranking for Assigned Vacations (\#, SD)   1.8 (1.7)                                                  2.0 (1.4)                                                  0.52             
  Assigned First Choice Rotation (%, SD)            69.4 (46)                                                  96.0 (20)                                                  **\<0.001**      

\*Values listed as number per resident per year, SD unless otherwise specified.

Comparisons that remain significant after adjustment for multiple comparisons designated with bold text.

10.1371/journal.pone.0236952.t002

###### Resident schedule quality metrics.

![](pone.0236952.t002){#pone.0236952.t002g}

  Mean (SD)                                         2017--2018 (n = 82)[\*](#t002fn001){ref-type="table-fn"}   2018--2019 (n = 82)[\*](#t002fn001){ref-type="table-fn"}   t-test p-value   F-test p-value
  ------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ---------------- ----------------
  Night Rotations                                   1.9 (0.84)                                                 1.9 (0.74)                                                 0.69             0.25
  ICU Rotations                                     3.2 (0.53)                                                 3.1 (0.66)                                                 0.36             0.05
  Jeopardy Rotations                                0.7 (0.65)                                                 0.7 (0.50)                                                 1.00             0.02
  Shift Conflicts                                   0.1 (0.35)                                                 0.1 (0.23)                                                 0.13             
  Average Ranking for Assigned Vacations (\#, SD)   1.3 (1.2)                                                  1.6 (1.0)                                                  0.14             
  Assigned First Choice Rotation (%, SD)            30.5 (47)                                                  80.5 (41)                                                  **\<0.001**      
  Assigned Second Choice Rotation (%, SD)           46.3 (50)                                                  74.4 (44)                                                  **\<0.001**      

\*Values listed as number per resident per year, SD unless otherwise specified.

Comparisons that remain significant after adjustment for multiple comparisons designated with bold text.

Similar results were obtained when the 2017--2018 schedule was recreated with AIMS (Tables B and C in [S2 Text](#pone.0236952.s004){ref-type="supplementary-material"})--with improvements seen in number of shift conflicts, rank of vacation choices, and assignment of preferred rotations compared to the manual schedule. However, as actual implementation sometimes requires last minute adjustments that may decrease schedule quality, the 2018--2019 schedule may better describe the true net gains of automated schedule generation.

Of 82 residents surveyed, 22 (27%) completed the survey to assess the subjective quality of schedules generated with AIMS. There was a significant increase in both perceived satisfaction and fairness of the schedule with implementation of AIMS ([Table 3](#pone.0236952.t003){ref-type="table"}).

10.1371/journal.pone.0236952.t003

###### Satisfaction and fairness of the schedule before and after implementation of AIMS.

![](pone.0236952.t003){#pone.0236952.t003g}

  Scale of 1--5; mean (SD)   2017--2018   2018--2019   t-test p-value
  -------------------------- ------------ ------------ ----------------
  Satisfaction               3.3 (1.2)    4.0 (1.1)    **0.048**
  Fairness                   3.3 (1.4)    4.2 (1.0)    **0.020**

Discussion {#sec006}
==========

The introduction of AIMS significantly improved both objective and subjective measures of schedule quality by increasing adherence to stated trainee preferences, decreasing transition conflicts, and improving trainee perception of scheduling fairness and quality. This tool significantly increased our ability to schedule trainees for their desired rotations and reduced the number of schedule conflicts generated by overlapping clinical responsibilities, which is anticipated to reduce the strain on the jeopardy pool. Distribution of night and ICU rotations was highly optimized in previous years, as inequity in these rotations was known to cause dissatisfaction. However, AIMS did reduce the variance in jeopardy rotation assignment. No single metric can adequately convey the quality of a schedule, but it is encouraging to note that housestaff perceived the tool to generate a fair schedule and were satisfied with its performance. Perception of fairness and fulfillment of scheduling requests are important aspects of trainee wellness; improved schedules as well as scheduling transparency may potentially lead to decreases in resident burnout. Lack of control over job schedules precipitates work-family conflict and may drive dissatisfaction \[[@pone.0236952.ref022]\], and increased control over scheduling has been cited in focus groups as a method to reduce burnout \[[@pone.0236952.ref023]\]. The use of technology to optimize scheduling provides an attractive target to improve well-being without altering duty hours, given the ongoing debate about ideal resident shift length \[[@pone.0236952.ref024]\].

AIMS features several attributes that make it a valuable tool for chief residents, who are required to create complex schedules, often with little or no prior experience. Once rotation structures and scheduling rules are programmed, they can be reused within an institution until structural changes are made, ensuring consistency over successive academic years. Instead of focusing on minute details of individual schedules, chief residents can evaluate and adjust overarching structural scheduling rules to best suit their trainees. The use of a heuristic algorithm allows schedule generation for even the largest residency programs. The flexibility to hard-code certain elements of the schedule allows more coordination with trainees from other departments which do not use AIMS. The spreadsheet format is easy to manipulate even for those without programming experience. Given the open source nature of AIMS, the structure can be further modified to suit the specific needs of any residency program. Although we did not formally measure chief resident opinion of AIMS, the tool was greatly preferred over manual scheduling, reducing a task that historically took weeks to a matter of days, in keeping with other reports of automation of this onerous task \[[@pone.0236952.ref010], [@pone.0236952.ref019]\].

Our study was limited by the implementation of our tool at a single center, with only two years of scheduling data available for analysis. The heuristic nature of the AIMS algorithm does not ensure an optimal schedule generation. The metrics analyzed were based on prior reports of scheduling quality and chief resident experience and may not reflect all aspects of schedule quality. The survey administered to trainees was not previously validated, and must be interpreted with caution. Trainee opinion about schedule quality for both years was assessed during the 2018--2019 academic year and recall bias may have impacted perception of the previous year's schedule.

Conclusion {#sec007}
==========

Creating a schedule for internal medicine trainees is challenging, especially in large programs, due to the competing interests of residents, the ACGME, and institutional staffing requirements. Automation has the potential to eliminate error and facilitate the consistency of scheduling between successive years of chief residents. The use of automated scheduling tools such as AIMS can improve metrics of schedule quality, such as avoiding shift conflicts and satisfying more resident preferences. This is reinforced by our survey of trainees, which suggests a subjective improvement in satisfaction and perception of fairness. We have continued to utilize AIMS in our program, a modified version of the algorithm described here was used for the 2019--2020 academic year, and we hope to gain further longitudinal experience with schedule automation. Expansion to other residency programs in our institution may enrich our experience with this tool and confirm a wider applicability. Technologic solutions informed by operations research have the potential to improve the residency experience by granting trainees more control over their time as they learn the practice of medicine.

Supporting information {#sec008}
======================

###### A copy of the scheduling tool used to generate schedules, with step-by-step instructions on setting up the tool for use within other residency programs.

Example information is pre-populated using data from the Yale Internal Medicine Residency Program, with full names of residents censored.

(XLSM)

###### 

Click here for additional data file.

###### Flowchart illustrating the AIMS algorithm.

(PPTX)

###### 

Click here for additional data file.

###### Scheduling satisfaction survey.

(PDF)

###### 

Click here for additional data file.

###### Scheduling satisfaction survey--the list of questions distributed to residents to assess satisfaction and fairness of scheduling with the AIMS tool compared with the manual scheduling process used in years past.

(DOCX)

###### 

Click here for additional data file.
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Even though the methodical contribution is minor (and not necessary for the journal submitted), the implementation and analysis in a working environment are quite interesting. In general, the paper is very well structured and well written. However, the paper misses a careful literature review. Additionally, the description of the tool/algorithm is only superficial. Based on the following comments, we recommend a major revision.

Major comments

Introduction: The authors jump directly into the topic. Even if you are somewhat familiar with the subject, essential terms should be introduced for the reader (e.g. rotation, jeopardy rotation etc.). A clear problem description might help as well. Please note that residency programs are quite different in various countries. The literature review from line 57-69 is rather short and misses some essential papers in resident scheduling literature (at least from a methodological point of view). We would recommend the literature review "State of the art in physician scheduling" by Erhard et al. (2018) as a starting point for the review. Forward and backward search might be very helpful finding relevant papers.

Method: The description of the scheduling tool is lagging. The process is not entirely transparent at first glance. For instance, you could add a pseudocode to the appendix or use a flow chart for the process. We have a couple of open questions that show the ambiguity or incompleteness of the text.

\- What is the time horizon of your schedule?

\- Are the problems for residents and interns independent, i.e. you solve both independently? If not, then some explanation in the text is needed.

\- What do you mean by scheduling lottery? How often is this lottery performed within the time horizon?

\- What kind of preferences do you look at, i.e., only rotation preferences or overnight duties?

\- Can this lottery be manipulated, i.e., when I know that I got my first preference in the last lottery, can I change my preferences so that a lower priority might be my true first one? Or are you running the lottery for each 2-week horizon using the data collected for the whole year? It is somewhat unclear in the text.

\- What is the "jeopardy" pool? Please explain and add a description (see comment our comments to the introduction).

\- A visualization of the algorithm might be helpful.

\- What is the objective function of your algorithm, or do you just construct a feasible solution? We assume the latter but it is not clear in the text.

\- What are your objective metrics based on, i.e., expert knowledge or literature? We assume the former but again it is not clear in the text. A motivation based on literature might be valuable as well.

\- On page 4 you are fixing some input values. What is the effect of relaxing this assumption? We guess you achieve better schedules? But understand that e.g. external rotations are fixed. However, are you planning rotations that are external rotations for other units? Then some coordination between units is necessary. You should motivate the assumption.

\- On your tally, what happens if you do not grant any request? We mean: If nothing is fulfilled, then a resident/intern has 0 and is never chosen? How do you initialize the heuristic?

\- What happens in case you have less residents/interns available than needed?

\- Are you limiting the number of requests of any kind (e.g. preferences, vacations) for each resident/intern?

Results:

We like the comparison between the two years which can be seen as a contribution for itself. However, it might be biased. Just as an idea, you might regenerate schedules for 2017-2018 retrospective and compare the results with the realized ones. Also, it was unclear whether you base your evaluations on the planned or realized (with re-planning) schedules. We think and hope you use planned schedules. If so, the subjective assessment might be biased by re-planning as well. Please make it clear and comment on it in the text. In future, we recommend detailing the subjective questionnaire in alignment with the quality metrics. Can you say something about the savings for the chief resident? E.g. is (s)he faster on top of the quality gains? Also, will the procedure be used next year as well. If so, why? If not so, why? A short outlook might be useful for other practitioners. Just a note from methodological point of view, are you correcting multiple hypotheses testing, or are you just performing single tests in your analysis? For the latter, some of your results might not be significant anymore. You might use a step-wise procedure and most of your findings should be the same.

Minor comments

\- The authors introduce some abbreviations twice, i.e., AIMS and ACGME. You might don't want to use abbreviations in the abstract.

\- The conclusion is very short. You might want to address aspects you have not considered but are from interest.

We hope the authors regard our feedback as helpful for improving the paper. Furthermore, we suggest extending your team by a researcher more familiar with operations research to improve your scheduling part. We are pretty sure that some qualified persons exist at your university (maybe in industrial engineering or business). The report can be found in the attachment as well.

Reviewer \#3: The paper describes the implementation of a resident scheduling algorithm at a large hospital. While this is not really new, I really liked the link to a survey that demonstrates an increase in satisfaction after the new software. I think the paper should be published, but ask for two things:

1\) Literature: I think you should discuss a little what has been done. There is a relatively recent literature review on physician scheduling (Erhard et al. 2018) that you should have a look at, and probably refer your readers to. I am personally aware of some related papers discussing new approaches in physician scheduling along a real-life implementation and comparison of results, such as Bowers et al. 2016 comparing an equital and a preferences-orientated scheduling, or Fügener et al. 2015 who include both fairness concerns and individual preferences in physician scheduling. Erhard et al. 2018 provide a list of papers with respect to, e.g., residents, fairness, preferences. Again, there is no need to write an extensive literature review, but at least show what comparable studies exist, and maybe refer to the review paper.

2\) Algorithm: You should discuss more clearly how your approach works - it could be an appendix if it takes too much space.

I am happy to review a revised version.

References:

Bowers, M. R., Noon, C. E., Wu, W., & Bass, J. K. (2016). Neonatal physician scheduling at the University of Tennessee Medical Center. Interfaces, 46(2), 168-182.

Erhard, M., Schoenfelder, J., Fügener, A., & Brunner, J. O. (2018). State of the art in physician scheduling. European Journal of Operational Research, 265(1), 1-18.
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6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.
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\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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To begin, we would like to comment on some updates to our schedule analysis. In response to reviewer 2, we regenerated the 2017-2018 schedule to ensure year to year variability did not lead to the superior schedule generation with our tool. When regenerating this schedule, we carefully ensured that the same number of rotations / rotation types were covered. When doing this, we discovered an inaccuracy with how the number of nights and ICU rotations were calculated per resident; specifically in the intern year. This resulted in one intern with an additional night rotation, and four interns with an additional ICU rotation. We have since updated the schedule. We were previously using the number of night / ICU rotations that were reported by the authors who manually generated the prior schedule -- highlighting how miscalculations can occur with manual schedule work.

Second -- we have updated our calculations for shift conflicts -- due to overcounting the number of conflicts that occurred. This has increased the significance of one of our comparisons, and made one of the comparisons no longer significant -- we feel the provided number of conflicts is a more accurate measure of the number of times a resident would need to be pulled to provide coverage.

Finally, we have corrected the standard deviation for the average ranking of the assigned vacation choices. Each resident gets two vacation choices, and the average rank they had assigned to each vacation choice is reported. The standard deviation was previously calculated from the summed rank of vacation choices, not the average -- the standard deviation of the average is effectively half.

Comments from Reviewer 1:

 1. Results: With the Jeopardy and night rotations, is there any variability in day night transitions or will a set number of night float shifts always occur for a block without potential for night coverage elsewhere? If there is any heterogeneity in this, consider including a metric of day to night transitions to compare automated to manual scheduling. 

There is indeed a slight variability in number of night-to-day transitions per block; our program mandates that residents spend no more than 2 weeks on a night rotation, so one easily-obtainable metric of night to day transitions is the number of night rotations per block. We have provided this metric for each year analyzed as a supplement.

2\. Lines 171-173: Discussion of wellness as it related to scheduling satisfaction is appropriate. Consider expanding this area of the discussion more as this strongly underscores the role technologic solutions may play in decreasing provider burnout and improving workplace wellness.

We agree that technologic advances -- in scheduling and in other avenues -- have the potential to improve resident wellness, and have further discussed the impact of our work in this regard.

 3. Lines 174-179: These are all valuable attributes as described. In addition, given that the individual preparing the schedule is likely to be different in consecutive years, consider including reflection on the role of technological solutions to decrease the "learning curve" for schedule development.

We appreciate the invitation to provide our reflection on the role of automated scheduling solutions on the learning curve for chief residents, and have detailed our opinions as such.

 4. Lines 180-186: Consider including reflection on how the survey instrument itself---while appropriate---was not previously validated.

We have called attention to the lack of validation of the survey in the discussion.

Comments from Reviewer 2:

Major comments Introduction: The authors jump directly into the topic. Even if you are somewhat familiar with the subject, essential terms should be introduced for the reader (e.g. rotation, jeopardy rotation etc.). A clear problem description might help as well. Please note that residency programs are quite different in various countries. The literature review from line 57-69 is rather short and misses some essential papers in resident scheduling literature (at least from a methodological point of view). We would recommend the literature review "State of the art in physician scheduling" by Erhard et al. (2018) as a starting point for the review. Forward and backward search might be very helpful finding relevant papers.

Thank you for calling attention to the ambiguous terminology; we have provided some further clarification of these terms and further introduction to the topic as a whole.

We have also utilized the review recommended as a starting point to expand our literature review.   Method: The description of the scheduling tool is lagging. The process is not entirely transparent at first glance. For instance, you could add a pseudocode to the appendix or use a flow chart for the process. We have a couple of open questions that show the ambiguity or incompleteness of the text.  - What is the time horizon of your schedule?

We have clarified the time horizon (1 year at a time) in the first paragraph of our methods.

 - Are the problems for residents and interns independent, i.e. you solve both independently? If not, then some explanation in the text is needed.

Both problems are solved concurrently. We have detailed the methodology further with a flowchart that may better explain this. Essentially each resident is assigned a label -- such as 'intern', 'psychiatry', 'senior resident', etc, that designates which rotations can be assigned to which residents.

 - What do you mean by scheduling lottery? How often is this lottery performed within the time horizon?

The initial assignments of vacations are done by lottery -- i.e. a resident is selected and then given their first choice of vacation if it is available. The order of selection for subsequent lotteries is influenced by the tally of previously satisfied preferences.

 - What kind of preferences do you look at, i.e., only rotation preferences or overnight duties? The only resident input provided is vacation and rotation preferences.

\- Can this lottery be manipulated, i.e., when I know that I got my first preference in the last lottery, can I change my preferences so that a lower priority might be my true first one? Or are you running the lottery for each 2-week horizon using the data collected for the whole year? It is somewhat unclear in the text.

The lottery cannot be manipulated, as all preferences are submitted upfront and then the lotteries are run sequentially.

 - What is the "jeopardy" pool? Please explain and add a description (see comment our comments to the introduction).

We have concretely defined this term in the introduction to hopefully remove all ambiguity.

 - A visualization of the algorithm might be helpful.

We have created a flow chart to illustrate the algorithm

 - What is the objective function of your algorithm, or do you just construct a feasible solution? We assume the latter but it is not clear in the text.

Excellent question -- an in-process version of our tool (which we used for the 2019-2020 schedule) uses an objective function with iterative schedule generation to further optimize the results, but in this version a single solution is generated at a time. We have clarified in the text.

 - What are your objective metrics based on, i.e., expert knowledge or literature? We assume the former but again it is not clear in the text. A motivation based on literature might be valuable as well.

You are correct that we selected these metrics based on expert knowledge -- but we find recurring themes in the literature to support our selection, although no universally standard metric exists given the differing needs of training programs. We have added a discussion on the motivation for these metrics.

 - On page 4 you are fixing some input values. What is the effect of relaxing this assumption? We guess you achieve better schedules? But understand that e.g. external rotations are fixed. However, are you planning rotations that are external rotations for other units? Then some coordination between units is necessary. You should motivate the assumption.

Relaxing the fixed input would likely provide better schedules, but would require participation from the program director coordinating rotating residents from other services (i.e. emergency medicine, primary care, etc). Currently, we are provided with a list of rotators from these other services, and this causes fluctuations in the number of residents required from our program for each block. We have attempted to clarify this in the text.

 - On your tally, what happens if you do not grant any request? We mean: If nothing is fulfilled, then a resident/intern has 0 and is never chosen? How do you initialize the heuristic?

We have clarified this further in the text -- the tally is initialized at zero, so every resident has an equal chance of being chosen for their first vacation. Each resident will be mandated to receive two vacations, and have ranked all blocks in order of preference, so if they receive their last choice vacation, the tally could increase by 14.

 - What happens in case you have less residents/interns available than needed?

We are lucky to have enough redundancy to provide coverage to all required services.

\- Are you limiting the number of requests of any kind (e.g. preferences, vacations) for each resident/intern?

Each resident/intern ranks every potential vacation choice, so we get a complete ordering of their preferences. They also rank their top three rotation preferences. We have clarified as such in the text. We did allow free text specification of any other considerations, such as weddings or religious holidays.

  Results: We like the comparison between the two years which can be seen as a contribution for itself. However, it might be biased. Just as an idea, you might regenerate schedules for 2017-2018 retrospective and compare the results with the realized ones.

We have provided this comparison as a supplement as an exploratory analysis, although there are factors aside from resident preferences (such as specific requests for weddings or other important events) that are unavailable for the 2017-2018 schedule that may provide our regenerated schedule with more flexibility and thus introduce more bias. Additionally, replanning to accommodate last minute changes can potentially reduce other metrics of schedule quality when looking at the actually implemented schedule. Thus, this regeneration may provide an overoptimistic view of actual schedule quality obtained through automation.

Also, it was unclear whether you base your evaluations on the planned or realized (with re-planning) schedules. We think and hope you use planned schedules. If so, the subjective assessment might be biased by re-planning as well. Please make it clear and comment on it in the text.

The subjective assessment of schedule fairness and satisfaction were based on realized schedules, which indeed may have introduced bias. However, the perception of fairness and satisfaction with schedule quality were 'lived' experiences, and we did not feel it would be accurate to have residents compare an abstract schedule generated by AIMS to their lived experiences with the manual 2018-2019

In future, we recommend detailing the subjective questionnaire in alignment with the quality metrics. Can you say something about the savings for the chief resident? E.g. is (s)he faster on top of the quality gains?

We have added in the discussion a subjective assessment of time saved, as a formal assessment of the time difference was not performed. When taking on this task from the previous years' chiefs, they unanimous rated scheduling as the most challenging aspect of the job, and we can state with confidence the task was much more enjoyable this year.

Also, will the procedure be used next year as well. If so, why? If not so, why? A short outlook might be useful for other practitioners.

We did use this procedure for the 2019 -- 2020 academic year, with a rewritten tool and algorithmic modifications.

Just a note from methodological point of view, are you correcting multiple hypotheses testing, or are you just performing single tests in your analysis? For the latter, some of your results might not be significant anymore. You might use a step-wise procedure and most of your findings should be the same.

Thank you for raising this point, we have provided a correction for multiple hypothesis testing and specified this in our methodology.   Minor comments - The authors introduce some abbreviations twice, i.e., AIMS and ACGME. You might don't want to use abbreviations in the abstract.

Thank you for noticing these duplicates, we have removed them.

 - The conclusion is very short. You might want to address aspects you have not considered but are from interest.

Thank you for the comment -- we have added to our conclusion, and moved some items from discussion better suited for conclusion to that section.

Reviewer \#3: The paper describes the implementation of a resident scheduling algorithm at a large hospital. While this is not really new, I really liked the link to a survey that demonstrates an increase in satisfaction after the new software. I think the paper should be published, but ask for two things: 1) Literature: I think you should discuss a little what has been done. There is a relatively recent literature review on physician scheduling (Erhard et al. 2018) that you should have a look at, and probably refer your readers to. I am personally aware of some related papers discussing new approaches in physician scheduling along a real-life implementation and comparison of results, such as Bowers et al. 2016 comparing an equital and a preferences-orientated scheduling, or Fügener et al. 2015 who include both fairness concerns and individual preferences in physician scheduling. Erhard et al. 2018 provide a list of papers with respect to, e.g., residents, fairness, preferences. Again, there is no need to write an extensive literature review, but at least show what comparable studies exist, and maybe refer to the review paper. 

Thank you for this comment. We have expanded on our literature review, referred our readers to Erhard et al, and included a selection of references in our background discussion, in particular studies addressing residency scheduling.

 2) Algorithm: You should discuss more clearly how your approach works - it could be an appendix if it takes too much space.

Thank you, we have included a more thorough description of the algorithm as a flow chart to illustrate the steps taken.
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Implementation of an Automated Scheduling Tool Improves Schedule Quality and Resident Satisfaction

PLOS ONE

Dear Dr. Gao,

Thank you for submitting your manuscript to PLOS ONE. The revision has been reviewed by two reviewers from the last round. They are satisfied with the revision and have favourable recommendations. There are some minor suggestions for the authors to consider for the final manuscript.

Please submit your revised manuscript by Aug 27 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Yong-Hong Kuo

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: All comments have been addressed

Reviewer \#3: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#2: We think the authors revised their paper very well. Our comments have all been taken into account. The revision of the literature has been very successful, and the paper can now generally be read more smoothly. So in our view, there is nothing to be said against accepting the paper for publication.

Minor comments

\- p. 5, line 89: You should use "constraints" rather than "restraints".

\- p. 6, line 103: You might want to use "trainee" rather than "learner".

Reviewer \#3: The autors improved the manuscript. I like the revision, and have only a minor comment.

I would rather have the reference within the sentence it belongs to, e.g., \"\...pathway to independent practive \[1\].\" instead of \"\...independent practive. \[1\]\". However, please leave a space before the reference (unlike e.g., on page 9, references \[20\] and \[9\].

Thanks for the opportunity to review your paper!

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#2: **Yes: **Jens O. Brunner

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0236952.r004

Author response to Decision Letter 1

14 Jul 2020

Response to reviewers:

Reviewer \#2: We think the authors revised their paper very well. Our comments have all been taken into account. The revision of the literature has been very successful, and the paper can now generally be read more smoothly. So in our view, there is nothing to be said against accepting the paper for publication.  Minor comments - p. 5, line 89: You should use "constraints" rather than "restraints". - p. 6, line 103: You might want to use "trainee" rather than "learner".

Response: Thank you for taking the time to review our paper and for your comments; we have made the recommended changes.

Reviewer \#3: The autors improved the manuscript. I like the revision, and have only a minor comment.  I would rather have the reference within the sentence it belongs to, e.g., \"\...pathway to independent practive \[1\].\" instead of \"\...independent practive. \[1\]\". However, please leave a space before the reference (unlike e.g., on page 9, references \[20\] and \[9\].  Thanks for the opportunity to review your paper!

Response: Thank you for taking the time to review our paper and for your comments; we have made the recommended changes in citation formatting.
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Dear Dr. Gao,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Yong-Hong Kuo

Academic Editor

PLOS ONE
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The authors have successfully addressed the reviewers\' concerns. Thus, I recommend acceptance of the work.
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Dear Dr. Gao:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Yong-Hong Kuo

Academic Editor

PLOS ONE
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